Introduction
The periodontal ligament is generally defined as a self-renewal system, similar to a kind of undifferentiated cells which possess the capability of self-renewing and multi-differentiation [1] . Human periodontal ligament stem cells (h-PDLSCs) are regarded as the "cornerstone" of periodontal tissue regeneration and reconstruction. In the field of regenerative dentistry, the application of h-PDLSCs is the research hotspot in periodontal therapy. It has been confirmed that h-PDLSCs are a kind of key cells which can maintain dynamic balance and repair the damage of periodontal tissue [2] . Furthermore, they can also form new periodontal tissue structure in vivo experiments [3] . The biological basis of tissue
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International Publisher regeneration is the proliferation, differentiation and orderly regulation of stem cells. When exposed to outside stimulus or disease, stem cells can continuously proliferate and differentiate to help tissue repair and regenerate. Stem cells can transform to any kinds of cells in the body, but how to preserve the ability and when it "decide" to abandon this state and transform into specific cells still remain a mystery until now. If the two problems were solved, the application of stem cells in regenerative medicine will be promising. And tissue regeneration therapy requires a sufficient number of seed cells, but it takes 2-4 weeks to amplify from the primary cell to the application order of 10 7 -10 8 [3, 4] , and it is prone to cell aging, dry down, then losing totipotency in the process of stem cell expansion. Currently, the main research direction in periodontal tissue engineering is to achieve the rapid proliferation of seed cells, maintain the potential of multi-directional differentiation, prevent the aging, maintain the activity of stem cells, differentiate into functional cells timely and promote the regeneration of periodontal tissue. Adult stem cell maintenance is required to sustain long-term preservation of tissue homeostasis. In animals, stem cells divide to new cells which can grow and take part in renewing tissues and organs. Understanding the biology of these cells is of the most importance for developing new treatments for a wide range of human diseases.
Hippo pathway is a newly discovered signaling network, which is evolutionarily and functionally conserved and has been shown to play a critical role in controlling organ size by regulating both cell proliferation and apoptosis [5] [6] [7] . Initially, this pathway was discovered in Drosophila melanogaster by mosaic genetic screens, which proved to be a powerful tool in the elucidation of this molecular signaling [8] . Yes-associated protein (YAP) and its paralogue transcriptional co-activator with PDZ binding motif (TAZ) shuttle between the cytoplasm and the nucleus and interact with transcription factors to regulate their activity [9] . Inhibition of the pathway promotes YAP/TAZ translocation to the nucleus, where they interact with transcriptional enhancer associate domain (TEAD) transcription factors and co activate the expression of target genes, promoting cell proliferation. As a Hippo signaling transcriptional co-activator, YAP plays pivotal roles in stem cell fate and organ size control. YAP has been shown to be a candidate oncogene in the development and progression of multiple human cancers [10] [11] [12] . Uncontrolled activity of YAP causes tissue overgrowth due to modulation of stem cell proliferation in multiple tissue and organs, including liver [13] , intestine [13] , brain [14] , epidermis [15] , muscle [16] and myocardium [17] . The expression patterns of YAP in the development of mouse incisor have been reported previously [18] . Their results have demonstrated the important relationship between YAP and stem cells proliferation. In addition, overexpression of YAP has an impact on tooth morphogenesis, enamel knot patterning, cells polarization and cells movement [19] .
The present study aimed to investigate the effects of proliferation and apoptosis of YAPknockdown h-PDLSCs and also to explore the regulation mechanisms between this process to clarify the role of YAP in the regulation of proliferation in h-PDLSCs.
Materials and Methods

Cell cultivation and identification
h-PDLSCs were isolated and cultured as previously described [20, 21] . The study protocol was approved by the Ethics Committee of School of Stomatology Shandong University (20151102), and written informed consent was obtained from each donor's parents in accordance with the Declaration of Helsinki. Periodontal ligament tissues were separated from root surface and were minced into pieces of small size (1mmx1mmx1mm). The minced tissues were incubated with 3 mg/ml collagenase type I (Sigma) and 4 mg/ml dispase (Sigma) in a-MEM (Gibco) at 37 o C for 1h. Single cells in suspension were obtained by passing through a strainer (pore size: 70μm from BD Falcon Labware). Then the cells were seeded in 10 cm petri dishes containing a-MEM supplemented with 15% FBS (Gibco), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco), and incubated at 37℃ in 5%CO2. Cells at passages P3-P5 were used for the following experiments.
The passage 3 cells were used to identify the stem cell properties. 1x10 6 
Virus packaging and transfection assay
Lentivirus packaging cells were transfected with PGLV3-h1-GFP-puro vector (GenePharma, Shanghai, China) containing either the YAP knockdown (shYAP) or a negative control sequence (NC). h-PDLSCs were infected at approximately 70% confluence by the culture medium with 8 μg/ml polybrene. After 6h, the medium was changed to basal medium supplemented with 10% FBS and cells were cultured for further assays. The efficiency for knockdown YAP was determined by Western blot and Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) assays. YAP-shRNA Sequences are listed in table 1.
Table 1. YAP-shRNA Sequences
Yap-shRNA shRNA-1 5'-GCAUCUUCGACAGUCUUCUTT-3' shRNA-2 5'-GGUGAUACUAUCAACCAAATT-3' NC 5'-UUAUCUAGCUUGGUGGCAGTT-3'
RNA isolation and qRT-PCR.
Total RNA was prepared using TRIzol Reagent (Invitrogen) following manufacturer's instructions. Total RNA (1μg) was subjected to reverse transcription to synthesize cDNA using the SuperScript™ II Reverse Transcriptase Kit (Invitrogen). For qRT-PCR, each reaction (25μL) consisted 1μL reverse transcription cDNA product and 100nM of each primer. qRT-PCR reactions were then performed as follows: one cycle of 95℃ for 30s, followed by 40 cycles of 95℃ for 5s, 60℃ for 20s. qRT-PCR was carried out in LightCycler®480II, and changes in gene expression were calculated using the delta-delta CT method. GAPDH was used to normalize gene expression in each sample in different groups. The primers used for qRT-PCR are listed in table 2.
Western blot analysis
Cells were collected and lysed in RIPA buffer in the presence of protease inhibitors. Protein concentrations were determined by the BCA method using chemiluminescence reader ImageQuant LAS4000 (GE, USA). 20μg of protein were separated by 10% SDS-PAGE and electroblotted to a PVDF membrane using a wet transfer apparatus (Bio-Rad, Hercules, CA, USA). After blocking with 5% nonfat milk, the membranes were incubated overnight at 4℃ with the primary antibodies, followed by labeling with the secondary antibody. Protein bands were visualized with enhanced chemiluminescence (Millipore). Protein levels were analyzed by ImageJ software. GAPDH was used as the endogenous control and the control cells were cultured in the complete medium without sh-RNA.
EdU incorporation assay
Cell proliferation was assessed using an EdU Apollo DNA in vitro kit (RIBOBIO) following the manufacturer's instructions. h-PDLSCs were seeded at a density of 1 x10 4 cell/cm 2 in 24-well plates and incubated for 24 h in normal growth medium. Cells were treated with 50mM EdU for 2h, then were fixed with 4% paraformaldehyde for 15-20 min at room temperature. The cells were then incubated with 2mg/ml glycine for 10min followed by washing with PBS. After that, the cells were permeated with 100ml/well permeabilization buffer (0.5% Triton X-100 containing PBS) and incubated with 100ml of 1X Apollo solution for 30min at room temperature in the dark. Subsequently, cells were incubated with 100ml of 1X Hoechst 33342 solution for 30min at room temperature in the dark. Afterwards, the samples were observed under fluorescence microscope.
Immunofluorescence study
The cells were plated on coverslips and cultured for 1d. After fixed in 4% paraformal-dehyde (PFA) for 30 min at room temperature, the cells were incubated in 0.1% Triton X-100 for 10 min and washed with PBS. Then cells were blocked in Blocking Buffer for 60min and incubated overnight at 4℃ with primary antibodies (1:100, CST, USA) diluted in blocking solution. After that, cells were washed in PBS for 3 times and incubated in fluorochrome-conjugated secondary antibody (1:500, CST, USA) for 1 h at room temperature in the dark. Finally, cells were counterstained with DAPI (1μg/ml, CST, USA) for 5 min and observed under a fluorescence microscope. 
Flow-cytometry analysis for cell cycle 5x10 5 cells were washed with cold PBS and fixed overnight with 70% cold ethanol at -20℃. The fixed cells were centrifuged at 1200g for 1 min, and washed with PBS twice. After that, the cell plates were resuspended with 200 µl RNase A(1mg ⁄ ml) at 37°C for 10 min, followed by the addition of 300 µl propidium iodine (PI, 100 µl ⁄ ml) to stain the DNA of cells in the dark. After 20 min incubation at room temperature, the DNA contents of the cells were analyzed in a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and the data was analyzed by ModFitLT V2.0 software (Becton Dickinson).
Apoptosis assay
Cells were collected, and the translocation of phosphatidylserine in cells was detected using the Annexin-V-APC staining kit (Sungene Biotech Co, Ltd.). Briefly, cells were suspended in 500μL of binding buffer and incubated at room temperature in the dark for 10min after labeled with 5μL of Annexin V-fluorescein APC. The cells were vortexed and incubated for 10min in room temperature in the dark. Then 5μL 7-AAD solution was added and cells were incubated for 5min in room temperature, in the dark. The stained cells were then analyzed by flow cytometry. The data was analyzed by WinMDI V2.9 software (The Scripps Research Institute, San Diego, CA, USA).
Senescence Associated Beta galactosidase staining
Cells were washed in PBS and then fixed in a solution containing 4% paraformaldehyde for 20 min. The cells were then washed in PBS and water and stained in a beta galactosidase solution. The cells were stained for 24h in 37℃ without carbon dioxide. Then staining cells were counted in 6 randomly selected high-power microscopic fields (×100) per filter under microscopy.
Statistical analysis
The student's two-tailed t-test was used to determine statistical differences between treatment and control values. All data were presented as the mean±SD of three independent experiments. Data was analyzed by one-way analysis of variance or t-test by using the SPSS software (SPSS 19.0). Differences were considered statistical significant when p<0.05.
Results
Characterization of hPDLSCs
h-PDLSCs exhibited typical spindle-like morphology (Fig. 1A) . Flow cytometry analysis showed that h-PDLSCs were negative to HSCs negative cocktail (CD11b, CD19, CD34, CD45, HLA-DR), but highly expressed positive hMSC positive cocktail (CD73, CD90, CD105, CD44) (Fig.  1B) . These results indicated that h-PDLSCs shared the similar phenotype with MSCs. The formation of mineralized nodules, lipid droplets and blue proteoglycans after induction indicated the cells possessed multipotentiality properties (Fig. 1C, D and E). 
Hippo-YAP signal expression in h-PDLSCs
h-PDLSCs collected from 5 donors were used to investigate the expression of Hippo-YAP core elements. SAV1, Mst1, Mst2, MOB1(E1N9D), phospho-MOB1 (Thr35), LATS1, YAP, phospho-YAP (Ser127), phospho-YAP (ser397), TAZ were detected in h-PDLSCs. There was a slight difference in the expression pattern of the core elements among different h-PDLSCs sources (Fig. 2A) . YAP was detected either in the cytoplasmic or in the nuclear of hPDLSCs by immunofluorescent. (Fig. 2B) 
Detection of YAP interference efficiency
There was a significant reduction of YAP mRNA expression in shYAP when compared with negative control group(P<0.001) (Fig. 3A) . Western blot results showed that YAP protein expression in shYAP groups were significantly lower(P<0.001) (Fig. 3B) . Immunofluorescent staining results showed that YAP protein expression in shYAP groups were significantly lower (Fig. 3C) . These results demonstrated that the YAP interference efficiency was higher and more stable in group shYAP. Therefore, shYAP were selected as experimental group in the following experiments. (Fig. 3A) . Western blot results showed that YAP protein expression in sh1YAP groups were significantly lower (***P<0.001) (Fig. 3B) . Immunofluorescent staining results showed that YAP protein expression in sh1YAP groups were significantly lower (Fig. 3C) 
Knock down YAP inhibited h-PDLSCs proliferation
EdU result showed that the proliferation rate of shYAP reduced markedly after transfection compared with NC group (P<0.01) (Fig.4A) . The expression of p-C-Raf338 and p-MEK, which take part in the phosphorylation of Erk, was inhibited when YAP was knocked down. At the same time, the protein levels of p-ERK and its downstream proteins p-p90RSK and p-MSK were reduced with the interfering of YAP.
Knock down YAP induced h-PDLSCs apoptosis
To determine whether YAP knockdown increased the apoptosis rate in h-PDLSCs, the percentage of apoptosis was examined using flow cytometry. The percentage of early apoptotic cells was 0.348 ± 0.045% in the shYAP group, 0.165 ± 0.030% in the NC group, while the percentage of late apoptotic cells were 3.003 ± 0.295% in the shYAP group and 1.218 ± 0.098% in the NC group. The percentage of early and late apoptotic cells in shYAP group were significantly increased after YAP knockdown compared with NC group (p<0.001) (Fig. 5A) .
As for apoptosis related proteins including Caspase3 and Bcl-2 family members (Bak, Bax, Bad, Bid and Bik), their expression levels increased separately after knocking down YAP (Fig. 5B) .
Knock down YAP induced G1/S arrest
Flow-cytometry analysis results showed that h-PDLSCs were mostly in G0 / G1 phase of the cell cycle, which is slow periodicity. When compared with NC group, the proportion of cells in G0/G1 phase increased evidently (P < 0.05), while that in S and G2/M phase decreased (P < 0.05) in shYAP group (Fig. 6A) .
Both cyclin dependent kinases (CDKs) responsible for G1/S phase transition (CDK4/6-Cyclin D1 and CDK2-Cyclin E2) and CDK inhibitors (p27 and p21) were up-regulated when YAP was knocked down (Fig. 6B) . 
Knock down YAP induced cellular senescence
To know the effect of YAP on the senescence of h-PDLSCs, we used the senescence associated beta galactosidase staining assay to detect the senescence of h-PDLSCs (Fig. 7A) . shYAP group showed higher senescence cells rate compared with NC group (Fig.  7B ) (P<0.01). The findings indicated that knock down YAP induced the senescence of h-PDLSCs.
Discussion
In the present study, we identified YAP, a downstream effector of the Hippo pathway, as a stem cell specific marker required for homeostatic growth of the PDLSCs. After we knocked down the YAP expression with sh-RNA, EdU result revealed that the activity of cell proliferation reduced, the cell growth rate slowed down and the cell growth was suppressed persistently. Cell cycle analysis in our experiments suggested that the proportion of cells in G1 phase increased while the G2 and S phase obviously decreased. The latest study finds that YAP has a crucial effect on the regulation of cell cycle in endothelial cells, which means knockout YAP gene results to the proportion of cells in G1 phase increase and S phase decrease. However, when YAP gene is knocked out on HeLa cells, the cell cycle distribution has no change [22] . So we speculate that the regulation mechanism of YAP in cell cycle varies in different cells.
Erk is a member of mitogen-activated protein kinase (MAPK), and Erk signaling pathway has been proved to take part in the regulation of cell proliferation [23] [24] [25] . In our study, the expression of p-C-Raf338 and p-MSK1, which take part in the phosphorylation of Erk, was inhibited when YAP was knocked down, and the protein levels of ERK and its downstream proteins P-P90RSK and P-MEK, were also reduced. Since P-P90RSK and P-MEK play roles in proliferation regulation [26, 27] , we suggested that crosstalk between Erk and hippo signaling pathway affected h-PDLSCs proliferation.
In our study, the apoptosis rate of h-PDLSCs apparently increased after YAP gene was interfered. At the same time, the expression levels of Bcl-2 family members (Bak, Bax, Bad, Bid and Bik) increased when YAP was knocked down. This result reflected the association between Bcl-2 signaling pathways and hippo signaling pathway, and YAP could regulate the apoptosis rate of h-PDLSCs through Bcl-2 signaling pathways.
YAP was also associated with cell senescence, while the effects were controversial. For example, some scholars found that the activation of an ATM-YAP-PML-p53 axis could accelerate cellular senescence in Werner syndrome -derived fibroblasts [28] , and YAP/TAZ activation in hepatocytes induced massive p53-dependent cell senescence/death [29] , while others proved that down-regulation of YAP in IMR90 tumor cells increased cells senescence [30] , which was consistent with our experiments---knock down YAP induced senescence in h-PDLSCs. Thus, the regulation mechanism of YAP in cell senescence is also quite different in various cells.
In fact, our experiment results were consonant with previous studies. Many researches have proved that Hippo pathway in mammalian is involved in cell proliferation, apoptosis, migration and differentiation [31] . As the switch protein, YAP plays a central role in the Hippo signaling pathway. In the process of normal growth and development, YAP can bind transcription factor TEAD to promote the expression of downstream target genes, so as to accelerate cells growth and inhibit cells apoptosis. Undifferentiated progenitor cells get obvious expansion because of the over expression of YAP [13] , both multifunctional knockout and RNA interference of YAP reduce the multi-differentiated potentiality of stem cells significantly, and the expression of genes Oct4 and Sox2 that maintain stem cells characteristics decrease greatly as well [32] .Recent investigations demonstrate that YAP gene is involved in the self-renewal of stem cells [33, 34] .The study of neural progenitor cells indicates that over expression of YAP could not only inhibit its differentiation, but also enhance its mass proliferation; YAP is also expressed in intestinal epithelial precursor cells located in the small intestine of normal mice, which means YAP takes part in regulating tissue-specific precursor cells, furthermore, YAP over expression can regulate precursor cells proliferation significantly, while inhibits precursor cells from differentiating into mature terminal cells [13] .Thus, YAP has a significant effect on maintaining self-renewal and differentiation of stem cells as a gene transcriptional co-activator. And the action of promoting proliferation of YAP is closely related to TEAD, moreover, the activation of YAP/TEAD facilitates expression of related genes such as cyclin D1, while it inhibits stem cells exiting the cell cycle and cells apoptosis, which is conducive to the proliferation of stem cells. As an important kind of stem cells, h-PDLSCs were proved to participate in maintaining the balance of periodontal ligament through orient migration and differentiation [35] . Since the regulation mechanism of proliferation, apoptosis and senescence in h-PDLSCs remains uncertain until now, we suggested that Hippo pathway took part in this regulation process. Our results proved that knocking down YAP induced the apoptosis and inhibited the proliferation of h-PDLSCs.
Above all, our preliminary results indicate that YAP can promote proliferation and inhibit the apoptosis of h-PDLSCs, knock down YAP induced senescence in h-PDLSCs, which may offer a new idea for the regeneration of periodontal tissues based on stem cells. Nevertheless, the regulation mechanism of YAP is still unclear, and further investigations are needed to elucidate the other biological changes of h-PDLSCs after YAP is up-regulated or down-regulated.
Conclusions
In this article, we mainly summarize that knockdown YAP expression inhibits the proliferation activity by inducing apoptosis, cell senescence and cell-cycle arrest of h-PDLSCs. Hippo-YAP signaling pathway takes part in regulating biological behaviors of h-PDLSCs and has crosstalk between Erk and Bcl-2 signaling pathways.
These results contribute to the understanding of the mechanism of YAP regulating the proliferation and apoptosis of h-PDLSCs and we look forward to discovering the mechanism.
